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Introduction {#sec1}
============

MicroRNAs (miRNAs) are a group of short, single-stranded, non-coding RNAs that act as post-transcriptional gene regulators for a wide variety of physiological processes, including proliferation, differentiation, apoptosis, and immune reactions ([@bib23], [@bib33]). On the other hand, aberrant miRNA expression levels have been shown to be closely related to diverse diseases, such as cancer ([@bib5], [@bib18], [@bib36], [@bib48]), auto-immune disorders ([@bib42]), and inflammatory diseases ([@bib17]).

MiRNAs function by binding to the 3′-untranslated region (3′UTR) of target messenger RNAs ([@bib13]). Minor sequence variations, which include trimming, addition, or substitution of miRNA sequences, alter its binding affinities to target messenger RNA ([@bib13]). As reported, miRNA isoforms (isomiRs) ([@bib43]), which were generated by the addition or deletion of one or multiple nucleotides as terminal modifications, have been shown to participate in proliferative diseases ([@bib4]) and cancer ([@bib57]). On the other hand, N6-methyl-adenosine (m6A) modification, which serves as an RNA epigenetic marker ([@bib38]) analogous to DNA methylation and histone modification ([@bib31]), plays important roles in miRNA biogenesis ([@bib1], [@bib3]) and is related to the development of cancer ([@bib24]). These functional roles of miRNAs are associated with their specific sequences and chemical modifications. However, it is a challenge to directly probe this information using existing tools for miRNA characterization.

Conventionally, miRNAs can be characterized by northern blot, quantitative reverse transcription polymerase chain reaction (qRT-PCR) assays or microarrays ([@bib43]). Other emerging platforms for miRNA sensing include colorimetry ([@bib56]), bioluminescence ([@bib58]), enzymatic activity ([@bib30]), nanopore assays ([@bib54]), and electrochemistry ([@bib22]). Unfortunately, these sensing methods provide limited analytical information because miRNA sequences are not directly reported and prior knowledge of the target miRNA sequence is required.

Next-generation sequencing (NGS) ([@bib43]), which precisely identifies miRNAs without a prior need of its sequence information, is most widely used in miRNA investigations. However, existing approaches of miRNA sequencing by NGS are carried out by performing reverse transcription followed with deep sequencing of its complementary DNAs (cDNA) ([@bib10]), which suffers from unpredictable amplification biases and the loss of epigenetic information ([@bib39], [@bib43]). At present, there is no sequencing platforms that can directly and simultaneously report miRNA sequence and its base modifications along with a single molecule resolution.

Recent developments in nanopore sequencing have demonstrated direct sequence readout from long stretches of DNA ([@bib27], [@bib32]) or RNA ([@bib16]) with a single molecule resolution and could directly resolve base modifications ([@bib52], [@bib55]). Presumably limited by the existing nanopore sequencing configuration and a lack of compatible motor proteins, direct sequencing of miRNAs and other short nucleic acid strands has unfortunately never been reported.

Nanopore-induced phase-shift sequencing (NIPSS) ([@bib59]), which is a variant of nanopore sequencing, was recently developed as a universal strategy to sequence analytes other than long stretches of DNA ([@bib27]) or RNA ([@bib16]), such as 2′-deoxy-2′-fluoroarabinonucleic acid (FANA) or other xeno nucleic acids ([@bib59]). However, NIPSS is currently limited by a short read-length of ∼15 nucleotides due to the length of the biological nanopore being used ([@bib59]). Mature miRNAs, measuring ∼22 nucleotides (nt) in length, are ideal analytes for NIPSS, even with its current configuration. Although the 15 nt read-length fails to cover the miRNA length completely, this technique is superior in principle to existing miRNA sensing methods because no amplification or prior knowledge of target sequences is required, whereas the epigenetic information within the sequence is still retained.

Results and Discussion {#sec2}
======================

Direct miRNA Sequencing Using NIPSS {#sec2.1}
-----------------------------------

To perform direct miRNA sequencing using NIPSS, the target miRNA strand must be conjugated with a section of DNA to form a DNA-miRNA chimeric template. In the eventual configuration, this chimera can be formed via chemical or enzymatic ligation, of which the miRNA section could be a strand of natural miRNA or its synthetic equivalent. However, to quickly prove this feasibility, this chimeric template, which is composed of a segment of DNA on the 3′-end and a segment of miRNA on the 5′-end with the two segments separated by an abasic spacer, was completely custom synthesized for a proof of concept demonstration ([Figure 1](#fig1){ref-type="fig"}A, [Table S1](#mmc1){ref-type="supplementary-material"}). The abasic spacer serves to report a unique signal during NIPSS, indicating a clear transition from reading DNA to miRNA. The sequencing library was constructed by thermal annealing from three separate strands: the chimeric template, the primer, and the blocker ([Figure 1](#fig1){ref-type="fig"}A, [Table S1](#mmc1){ref-type="supplementary-material"}, [Transparent Methods](#mmc1){ref-type="supplementary-material"}) ([@bib9], [@bib59]).Figure 1Direct miRNA Sequencing Using NIPSS(A) A schematic diagram of the preparation of a sequencing library. The miRNA sequencing library is thermally annealed ([Transparent Methods](#mmc1){ref-type="supplementary-material"}) from three separate nucleic acid strands, which include a chimeric template, a primer (green), and a blocker (light blue) ([Table S1](#mmc1){ref-type="supplementary-material"}). The chimeric template is composed of a miRNA segment (red), an abasic residue (blue dot), and a DNA segment (black).(B) The NIPSS strategy for direct miRNA sequencing. NIPSS is carried out with an MspA nanopore (purple) and a wild-type (WT) phi29 DNAP (green) by following the reported enzymatic ratcheting strategy ([Figure S1](#mmc1){ref-type="supplementary-material"}) ([@bib32]). A fixed phase shift distance between the polymerase synthesis site and the pore constriction is utilized to directly sequence miRNA. During NIPSS, the DNA segment, the abasic residue, and the miRNA segment sequentially move through the nanopore constriction in single nucleotide steps until the abasic site (blue dot) reaches the binding pocket of phi29 DNAP. The inset image shows a zoomed-in view of the pore constriction. Due to the limited spatial resolution of the pore constriction, nanopore sequencing signals from MspA results from simultaneous reading of different combinations of sequence quadromers spanning the pore constriction during NIPSS.(C) A typical current trace acquired by sequencing DNA-miR-21 ([Table S1](#mmc1){ref-type="supplementary-material"}) using NIPSS. The DNA and miRNA segments of the trace are marked with black and red lines, respectively. The trace segment that corresponds to reading the abasic site (X) is marked with a blue stripe. Briefly, the DNA segment of the trace appears as two triangular shaped current characteristics due to the sequence design ([Figure S2](#mmc1){ref-type="supplementary-material"}). The DNA segment of the trace is immediately followed by an abrupt increase of the signal due to the introduction of the abasic site after the DNA sequence. All step transitions after the abasic signal lead to miRNA sequencing signals.(D) Overlay of multiple time-normalized events (N = 24) from the DNA-miR-21 results acquired by NIPSS. Each step in a sequencing event was extracted by a level detection algorithm ([Transparent Methods](#mmc1){ref-type="supplementary-material"}, [Figure S3](#mmc1){ref-type="supplementary-material"}). The corresponding sequence (3′-5′ convention, if not otherwise stated) is aligned above the statistics. The current levels of "AAGA" and "TTTC," which represents the highest and the lowest sequencing signals by reading the DNA part, are marked by black arrows. The demonstrated results were acquired by performing NIPSS with an aqueous buffer of 0.3 M KCl, 10 mM HEPES/KOH, 10 mM MgCl~2~, 10 mM (NH~4~)~2~SO~4~, and 4 mM DTT at pH 7.5.See also [Transparent Methods](#mmc1){ref-type="supplementary-material"}, [Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"} and [Figures S1--S4](#mmc1){ref-type="supplementary-material"} and [S11](#mmc1){ref-type="supplementary-material"}.

NIPSS was carried out with a mutant *Mycobacterium smegmatis*porin A (MspA) nanopore ([Transparent Methods](#mmc1){ref-type="supplementary-material"}), atop of which a wild-type (WT) phi29 DNA polymerase (DNAP) served as the ratcheting enzyme during sequencing ([@bib59]). During NIPSS ([Transparent Methods](#mmc1){ref-type="supplementary-material"}), the sequencing library, which is bound with the phi29 DNAP, was first electrophoretically dragged into the nanopore so that the blocker strand is mechanically unzipped. Subsequently, a phi29 DNAP-driven primer extension was initiated so that the chimeric template starts moving against the electrophoretic force in steps equivalent to a single nucleotide ([Figure S1](#mmc1){ref-type="supplementary-material"}). The MspA nanopore reports a simultaneous reading of 4 nucleotides around the vicinity of its pore restriction.

As presented in [Figure 1](#fig1){ref-type="fig"}B, the DNA segment, the abasic spacer, and the miRNA segment sequentially pass through the nanopore constriction during NIPSS. The DNA segment thus acts as the "DNA drive strand." Utilizing the phase-shift between the polymerase synthesis site and the nanopore constriction, the phi29 DNAP enzymatically drives the DNA segment to move against the electrophoretic force and simultaneously the tethered miRNA segment is sequenced by the nanopore constriction. The DNA segment is designed to contain sequence repeats between "AAGA" and "TTTC" (3′--5′) to generate a unique signal pattern during NIPSS ([Figure S2](#mmc1){ref-type="supplementary-material"}), which marks the initiation of a NIPSS event. The abasic spacer "X" following the DNA segment is expected to produce a high current signature that marks the initiation of miRNA sequencing within a NIPSS event ([Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}, [Table S1](#mmc1){ref-type="supplementary-material"}). Since this initiation, miRNA sequencing signals with a read-length of ∼15 nucleotides are expected until the abasic spacer reaches the polymerase synthesis site ([@bib59]). Unless otherwise stated, all NIPSS assays described in this paper were carried out by following this configuration. However, the miRNA segments from different chimeric templates contain varying sequences, whereas the DNA segment and the abasic spacer are kept unchanged ([Table S1](#mmc1){ref-type="supplementary-material"}). It should be noted that even without the abasic spacer, we can still in principle discriminate miRNA signals during NIPSS. However, the placement of this abasic spacer serves as a clear signal marker, perfectly suited for a proof of concept demonstration for now.

Experimentally, miR-21, which is an intensively studied oncogenic miRNA and a cancer biomarker ([@bib7]), was included in the miRNA segment of a chimeric strand (DNA-miR-21, [Table S1](#mmc1){ref-type="supplementary-material"}) for sequencing. A representative raw current trace of DNA-miR-21 is shown in [Figure 1](#fig1){ref-type="fig"}C. This trace can be segmented according to the characteristic sequencing pattern of the DNA drive strand and the abasic spacer respectively, from which the DNA segment reports two repeats of triangle-shaped signals and the abasic spacer reports an abnormally high step immediately after the signal from the DNA ([Figure S2](#mmc1){ref-type="supplementary-material"}). Sequencing signals immediately subsequent from the abasic spacer report sequencing signals for miRNA. Specifically, the representative trace in [Figure 1](#fig1){ref-type="fig"}C reports sequencing signals from miR-21.

Mean current values of signal plateau during NIPSS were extracted from raw sequencing traces to form a squiggle plot ([Transparent Methods](#mmc1){ref-type="supplementary-material"}, [Figure S3](#mmc1){ref-type="supplementary-material"}), of which each step represents a simultaneous reading of four nucleotides. Here, the squiggle plot ([@bib50]), which time-normalizes each signal plateau from raw sequencing traces, is useful in the demonstration of signal consistency between independent events. Squiggle plots from 24 independent sequencing events acquired from DNA-miR-21 were overlapped in [Figure 1](#fig1){ref-type="fig"}D, from which the characteristic high and low current steps that correspond to nanopore readings of AAGA and TTTC were clearly recognized. After the signal from the abasic spacer, 14 subsequent steps that correspond to the sequence of miR-21 were demonstrated. Thus, direct miRNA sequencing by NIPSS has been conceptually demonstrated by sequencing a synthetic miR-21 moiety in the form of a DNA-miRNA chimera. NIPSS events from the same chimeric template demonstrate highly consistent nanopore sequencing patterns, which can be aligned with designed sequences.

The 2--8 nucleotides at the 5′ end of mature miRNAs serve as their seed sequence and normally report similar sequences among miRNAs from the same family, whereas miRNAs differ more significantly in sequence at their 3′-end. By analyzing all mature human miRNAs, as downloaded from the miRbase (<http://www.mirbase.org/>), it has been evidenced that ∼99.5% of human miRNAs are in principle distinguishable by sequencing the first 15 nucleotides at their 3′-end ([Figure S4](#mmc1){ref-type="supplementary-material"}, [Table S2](#mmc1){ref-type="supplementary-material"}). These results indicate that NIPSS may already serve as a practical method for identifying other miRNAs, even with its current configuration.

Discrimination of miRNA Identities by NIPSS {#sec2.2}
-------------------------------------------

Let-7a, which is a member of let-7 family miRNA ([@bib41]), was included to form another chimeric template named DNA-let-7a for sequencing. Let-7 miRNA was the first human miRNA to have been discovered ([@bib41]). In contrast to miR-21, which is a cancer biomarker, let-7 miRNA is known to target many oncogenes and thus it behaves as a cancer suppressor ([@bib14]). Simultaneous discrimination of miR-21 and let-7a, which are an oncogenic miRNA and a cancer suppressor miRNA respectively, thus shows significant bioanalytical value for cancer diagnosis and serves as an excellent example of miRNA identity recognition by NIPSS ([@bib8], [@bib45]).

NIPSS sequencing of DNA-let-7a was carried out in a manner similar to that demonstrated in [Figure 1](#fig1){ref-type="fig"}. Representative raw sequencing data for DNA-miR-21 and DNA-let-7a are demonstrated in [Figure S5](#mmc1){ref-type="supplementary-material"}. An overlay of squiggle plots from 24 independent DNA-miR-21 sequencing events ([Figure 2](#fig2){ref-type="fig"}A) and 12 independent DNA-let-7a sequencing events ([Figure 2](#fig2){ref-type="fig"}B) are summarized. The means and standard deviations from the extracted events in [Figures 2](#fig2){ref-type="fig"}A and 2B are shown together in [Figure 2](#fig2){ref-type="fig"}C. The sequencing steps from both chimeric templates show great alignment in the DNA part of the events. This is expected because the sequence of the DNA segment is identical in DNA-miR-21 and DNA-let-7a ([Table S1](#mmc1){ref-type="supplementary-material"}). Starting from the steps of the abasic spacer however, the sequencing steps appear to deviate from one another due to sequence variations in their miRNA segments. Although preliminary, the observed variations of sequencing signals between let-7a and miR-21 support the hypothesis that different miRNA identities can be identified from an NIPSS assay.Figure 2Identification of miRNAs Using NIPSSChimeric template strands containing miRNA-21 and Let-7a sequences were custom synthesized ([Table S1](#mmc1){ref-type="supplementary-material"}) and directly sequenced by NIPSS.(A) Overlay of multiple time-normalized events (N = 24) from the DNA-miR-21 results acquired by NIPSS.(B) Overlay of multiple time-normalized events (N = 12) from the DNA-let-7a results acquired by NIPSS. (A, B) The corresponding sequences (DNA-miR-21 or DNA-Let-7a, 3′-5′ convention) are aligned above the plots. The DNA segments are marked in black and the miRNA segments are marked in red. The abasic site (X, blue), which separates the DNA and miRNA segments, acts as a signal marker to identify the sequence transition from reading DNA to miRNA during NIPSS.(C) Consensus sequencing results in comparison between DNA-miR-21 and DNA-let-7a. The mean and standard deviation values are derived from time-normalized events, as demonstrated in A and B. The DNA part of the NIPSS results shows great alignment in all steps between both templates. However, the miRNA segment of the signals shows significant variations, starting from the step marked with the blue stripe. Blue stripes in (A--C) mark the sequencing step of TCAX, which is the first quadromer sequence containing the abasic residue when acquired by NIPSS.See also [Table S1](#mmc1){ref-type="supplementary-material"}, [Figures S5](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}.

To demonstrate that, a mixture of DNA-miR-21 and DNA-let-7a was subsequently sequenced using NIPSS. From measurements with the same nanopore, sequencing events of both chimeras were respectively observed, from which signatures of miR-21 or let-7a were quantitatively confirmed according to their signal variations from the aforementioned squiggle plot results when DNA-miR-21 or DNA-let-7a were respectively measured ([Figure S6](#mmc1){ref-type="supplementary-material"}). This result thus successfully demonstrates that NIPSS is able to identify different miRNAs from their mixed form, especially when they show a major variation in their sequence, which is demonstrated with miR-21 and let-7a as a proof of concept.

Discriminating miRNA Isoforms by NIPSS {#sec2.3}
--------------------------------------

According to the scheme of direct miRNA sequencing by NIPSS, minor sequence variations such as addition, deletion, or substitution of nucleotides near the 3′-end of the target miRNA could in principle be resolved by resolution of a single nucleotide. Natural miRNA length isoforms (isomiRs), which result mainly from terminal additions or deletions of an indefinite number of nucleotides at the post-transcriptional level, differ at their 3′- or 5′-end in many mature miRNAs ([@bib37]). IsomiRs have attracted significant attention due to their functional roles in diverse biological processes, which include modulation of miRNA stabilization ([@bib4]), regulation of mRNA-targeting efficacy ([@bib57]), and their correlations to different disease states ([@bib4], [@bib21], [@bib43], [@bib57]). Most isomiRs differ by only a single nucleotide at either the 3′- or the 5′-end, such as mono-uridylation ([@bib15]) or mono-adenylation ([@bib49]), and thus discrimination by conventional miRNA sensing routines is challenging. However, isomiRs differing at their 3′-ends as a result of non-template enzymatic additions ([@bib25]) are more frequently observed and can be immediately distinguished with the current NIPSS scheme.

The 3′ mono-uridylation product of miR-21, which is an isomiR of miR-21, is named miR-21 + U in this paper ([Figure 3](#fig3){ref-type="fig"}A). As reported, natural miR-21 + U isomiR is abundant in human urine samples and is a promising biomarker for prostate cancer ([@bib26]). As a proof of concept, chimeric template DNA-miR-21 and DNA-miR-21 + U ([Table S1](#mmc1){ref-type="supplementary-material"}) were designed and sequenced using the same NIPSS configuration ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). The means and standard deviations of extracted sequencing steps from 24 independent NIPSS events of DNA-miR-21 and DNA-miR-21 + U are shown in [Figure 3](#fig3){ref-type="fig"}B. As expected, the DNA segment of the NIPSS sequencing signal shows perfect alignment, because the DNA drive strands from both chimeric templates are identical in sequence. Distinct variation of the signal begins at step 23 as a consequence of the additional uridine at the 3′-end of miR-21 + U when compared with its isoform miR-21. Starting from step 23, all follow-up sequencing steps from miR-21 + U appear back shifted by 1 nucleotide ([Figures 3](#fig3){ref-type="fig"}B and 3C), which further confirms that the 3′uridylation isomiR has been recognized from direct NIPSS sequencing.Figure 3Discrimination of miRNA Isoforms (isomiRs) Using NIPSS(A) miR-21 and its isoforms. The upper image demonstrates the structure of a precursor microRNA (pre-miRNA) for human miR-21. The lower image demonstrates the sequence (5′-3′) of mature miR-21 and its miR-21 + U isoform, respectively. An additional uracil (red box) exists at the 3′-end of miR-21 + U.(B) Comparison of consensus sequencing results between DNA-miR-21 and DNA-miR-21 + U. The means and standard deviations were derived from 24 time-normalized independent events for DNA-miR-21 (blue) and DNA-miR-21 + U (brown) respectivly ([Table S3](#mmc1){ref-type="supplementary-material"}). The DNA, the abasic site, and the miRNA part of the signal are marked separately. The blue strip marks the sequencing step of TCAX, which is the first sequence quadromer containing an abasic spacer encountered by NIPSS. The demonstrated statistical results show great alignment in all parts except that marked with a dashed-line box.(C) Sequencing result shift between DNA-miR-21 and DNA-miR-21 + U. A zoomed-in view of the dashed-line box in B illustrates a shift effect of current levels caused by a nucleotide insertion of DNA-miR-21 + U in reference to DNA-miR-21. The aligned sequence context above the results demonstrates that the addition of a uracil (red box) in DNA-miR-21 + U systematically generates 1 nucleotide (marked as δ) shift. This single nucleotide result shift is also demonstrated by the schematic diagram in the image inset, which takes the results of step 25 as an example.See also [Tables S1](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}, [Figures S7](#mmc1){ref-type="supplementary-material"} and [S8](#mmc1){ref-type="supplementary-material"}.

The demonstrated sequencing results between DNA-miR-21 and DNA-miR-21 + U have verified that isomiRs with minor sequence variations at the 3′-end can be clearly resolved using NIPSS. As demonstrated, addition or deletion of one or multiple nucleotides can be immediately detected from the characteristic signal variations and the subsequent pattern shift ([Figure 3](#fig3){ref-type="fig"}C). More representative data ([Figure S7](#mmc1){ref-type="supplementary-material"}) and detailed statistics ([Figure S8](#mmc1){ref-type="supplementary-material"}) are shown in the [Supplemental Information](#appsec1). Minor sequence variations within the first 14 nucleotides to the 3′-end of the target miRNAs can be discriminated by following the same strategy. This makes direct miRNA sequencing by NIPSS immediately applicable to the discrimination between miRNAs from the same family, which share the same 5′ terminal seed sequences but show subtle variations in the sequence region to their 3′-end ([@bib6], [@bib35]).

Detecting m6A Modification within miRNA {#sec2.4}
---------------------------------------

RNA modifications represent a type of epigenetic regulation of gene expression ([@bib29], [@bib31]), of which N6-methyladenosine (m6A) is the most abundant modifications ([@bib29], [@bib31], [@bib38]). The reversible m6A modification is recognized as a novel epigenetic marker that plays a critical role in mRNA metabolism ([@bib11]), cellular functions ([@bib29], [@bib44], [@bib60]), and miRNA biogenesis ([@bib1], [@bib3]). Recent studies reveal that m6A also exist in mature miRNAs ([@bib3], [@bib24]), and their aberrant level of existence is related to gastrointestinal cancers ([@bib24]). However, due to the chemical and biochemical similarities between adenosine and m6A, precise localization of m6A modifications from natural miRNAs becomes technically challenging for any next-generation sequencing platform. The emergence of the technique of MeRIP-seq (methylated RNA immunoprecipitation followed by sequencing) ([@bib12], [@bib34]) is a major advance for this technical need. However, MeRIP-seq still requires reverse transcription followed by amplification and fails to achieve single nucleotide resolution. Recent developments of direct RNA sequencing using nanopores have successfully demonstrated m6A mapping directly from mRNA samples ([@bib16]). However, direct RNA sequencing by nanopores is only applicable to sequencing long stretches of RNA instead of miRNAs, whereas MeRIP-seq fails to achieve single molecule and single nucleotide resolutions.

NIPSS is particularly useful in distinguishing minor sequence variations approaching the 3′-end of the target miRNAs. To verify whether single m6A modification within a short stretch of miRNA could be identified by NIPSS, a conceptual experiment was designed. The first nucleotide at the 3′-end of the miRNA segment of DNA-miR-21 is changed from a canonical adenosine to m6A ([Figure 4](#fig4){ref-type="fig"}A). This new strand is named as DNA-miR-21 (m6A) and is custom synthesized for downstream NIPSS characterization. According to the NIPSS convention, the m6A reaches the pore constriction first ([Figure 4](#fig4){ref-type="fig"}B), which makes this nucleotide highly resolvable by the current NIPSS configuration and thus becomes an optimum option for a proof-of-concept demonstration.Figure 4Direct N6-methyladenosine (m6A) Mapping Using NIPSS(A) Schematic diagram of chimeric template strands containing canonical adenosine (A) or N6-methyladenosine (m6A). A single "A" or "m6A" is embedded in different chimeric strands (top: DNA-miR-21, bottom: DNA-miR-21(m6A), [Table S1](#mmc1){ref-type="supplementary-material"}) for NIPSS sequencing, where its chemical structure and location is annotated. Black and red segments represent the DNA and the miRNA part of the strand.(B) Schematic diagram of NIPSS sequencing of miRNA containing "A" or "m6A" nucleotides. A∗ within the sequence context represents the "A" or "m6A" nucleotide within the strand.(C) A representative current trace of DNA-miR-21 sequenced by NIPSS. Blue lines represent extracted mean current values from each step. The corresponding sequence context is aligned below in which a canonical adenosine is marked in blue.(D) A representative current trace when DNA-miR-21(m6A) is sequenced by NIPSS. Red lines represent extracted mean current values from each step. The corresponding sequence context is aligned below, from which a N6-methyladenosine is marked in red. Scale bars in C and D represents 10 pA (current, vertical) and 50 ms (time, horizontal), respectively.(E) Consensus sequencing results in comparison between DNA-miR-21 and DNA-miR-21(m6A). The means and standard deviations were derived from 24 independent events. A∗ within the sequence context below the results represents either A or m6A.(F) Current differences between NIPSS results of DNA-miR-21 and DNA-miR-21(m6A). These differences were derived by calculating $\Delta I = I_{DNA - miR - 21{({m6A})}} - I_{DNA - miR - 21}$ from the mean values of 24 events from each strand, with the associated sequence aligned below. The standard deviation values of DNA-miR-21 are demonstrated with gray column, and the standard deviation of DNA-miR-21(m6A) is demonstrated with black error bars. The m6A modification results in a signal variation when m6A containing sequence quadromers were read by the nanopore constriction. Due to the limited spatial resolution of MspA, a single m6A modification results in detectable signal fluctuations within three current steps as marked by red lines.See also [Table S1](#mmc1){ref-type="supplementary-material"}, [Figures S9](#mmc1){ref-type="supplementary-material"} and [S10](#mmc1){ref-type="supplementary-material"}.

Representative NIPSS sequencing traces from DNA-miR-21 ([Figure 4](#fig4){ref-type="fig"}C) and DNA-miR-21(m6A) ([Figure 4](#fig4){ref-type="fig"}D) show noticeable differences in the current height of the sequencing steps, which correspond to the first nucleotide at the 3′-end of the miRNA segment. For a zoomed-in demonstration, only the fraction of the sequencing traces that correspond to the region of interest is shown ([Figures 4](#fig4){ref-type="fig"}C and 4D), and the additional raw sequencing events are illustrated in [Figure S9](#mmc1){ref-type="supplementary-material"}. The means and standard deviations of the extracted current steps of 24 independent NIPSS events from DNA-miR-21 (blue) and DNA-miR-21(m6A) (red) are summarized and superimposed in [Figure 4](#fig4){ref-type="fig"}E. Due to the limited spatial resolution of the MspA constriction, ∼3 steps show significant signal variations between the two analytes due to the introduced m6A modification, whereas other sequencing steps show a clear alignment, as the remainder of the sequence is identical. The difference of sequencing step heights between DNA-miR-21 (m6A) and DNA-miR-21 are shown in [Figure 4](#fig4){ref-type="fig"}F, from which the maximum signal variation between the two analytes could achieve a difference of ∼4 pA in the corresponding positions of the signals, due to the introduced chemical modification ([Figure S10](#mmc1){ref-type="supplementary-material"}).

Library Preparation by Enzymatic Conjugation {#sec2.5}
--------------------------------------------

To sequence miRNAs from natural resources by NIPSS, the target miRNA strands must be conjugated chemically or enzymatically with the DNA drive-strand ahead of the library preparation. An enzymatic ligation strategy has been reported ([@bib28]) and could be adapted for this purpose.

Briefly, the 5′ phosphorylated DNA drive strand (5PO~4~ DNA) is first treated with a 5′ DNA adenylation kit (New England Biolabs), assisted with the Mth RNA ligase ([Figure S11](#mmc1){ref-type="supplementary-material"}). The adenylated DNA drive strand (5AppDNA) was characterized and purified by ethanol precipitation and further ligated to the 3′-end of the target miRNA strands by the T4 RNA ligase 2 truncated K227Q mutant (T4 Rnl2tr). After this ligation, the DNA-miRNA chimeric template can be characterized by electrophoresis on a 15% polyacrylamide gel, and the ligated chimeric template is shown as the extra band of higher molecular weight ([Figure S11](#mmc1){ref-type="supplementary-material"}).

We then performed NIPSS to sequence these enzymatically ligated chimeric strands. As shown in [Figure S12](#mmc1){ref-type="supplementary-material"}, sequencing signals from the synthetic and the ligated chimera show strong resemblance in their signal patterns. The means and standard deviations of sequencing steps were extracted from more than 20 independent events from each analyte. These results confirmed that the above demonstrated NIPSS strategy could be applied to sequence miRNAs from natural sources with a current demonstration using their synthetic equivalent.

Conclusion {#sec2.6}
----------

In summary, we demonstrate single molecule sequencing of miRNA, using an NIPSS approach. Similar strategies could also be adapted to sequence other short non-coding strands, such as siRNA ([@bib2]) or piRNA ([@bib46]), avoiding the laborious motor protein engineering for nanopore sequencing ([@bib16]). Although demonstrated as a prototype, the NIPSS results in this paper show clear signal discriminations between different sequences, isoforms, and epigenetic modifications among synthetic miRNA sequences. MiRNAs from natural resources, such as miRNA extracts from clinical samples, can be conjugated with pre-designed DNA linker strands by performing routine enzymatic ligation to build NIPSS sequencing libraries ([Figure S13](#mmc1){ref-type="supplementary-material"}). Consequently, direct miRNA sequencing by NIPSS could be directly implemented in clinical diagnosis or could be utilized as a complement to existing miRNA sensing platforms when single-base resolution becomes critical. MiRNA sequencing by NIPSS shares the same advantages of other nanopore sequencing technologies, including low-cost, single-base resolution and portability. In principle, NIPSS, when properly engineered, could also be adapted to commercial nanopore sequencers, such as MinION™ (Oxford Nanopore Technologies, UK) ([@bib16]). However, direct miRNA sequencing has not been demonstrated by Oxford Nanopore Technologies, likely due to the short length of a miRNA strand or its incompatibility with the helicase motor protein. Ultimately, high-throughput direct miRNA sequencing by NIPSS can be carried out in optical nanopore chips ([@bib20], [@bib53]) for low-cost, high-throughput, and multiplexed miRNA characterizations in a disposable device form.

Limitations of the Study {#sec2.7}
------------------------

MiRNA sequencing by NIPSS is currently limited to sequence the first 14-15 nucleotides to the 3′-end of any miRNA types. To further extend the read-length of NIPSS to the full length of miRNA, an engineered MspA or phi29 DNAP with redundant structures could be constructed to extend the phase-shift distance of NIPSS. Alternatively, existing nanopores of larger dimensions such as ClyA ([@bib47]) and FraC ([@bib19]) may be adapted to sequence full-length miRNA in its precursor or primary form. Chemical ligations ([@bib40], [@bib51]) between the 5′-end of target miRNAs and the 5′-end of the DNA drive strand may be carried out to form a reverse chimeric strand with a "head to head" configuration for 5′-end miRNA sequencing by NIPSS.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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